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Abstract. We have studied the newly-discovered microquasar in NGC 7793 in radio, optical and 
X-ray bands. This system comprises a large (250 x 120 pc) line-emitting optical nebula, detected in 
Ha and Hell A4686. The optical nebula coincides with a synchrotron-emitting radio cocoon, with a 
radio luminosity about 4 times that of Cas A. The central black hole appears as a hard X-ray source 
with a point-like, blue optical counterpart. Two prominent radio lobes are located at the extremities 
of the cocoon. Just ahead of the radio lobes, we found two X-ray hot spots, which we interpret as 
a signature of the bow shock into the interstellar medium. The X-ray hot spots, radio lobes. X-ray 
core and major axis of the cocoon are well aligned, proving that the system is powered by a jet. 
From the X-ray data, we estimate a jet power ~ a few x 10^^ erg s~^ active over a timescale 10^ 
yrs. This extraordinary system is a long-sought analog of the Galactic microquasar SS 433. 
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RADIO GALAXIES AND MICROQUASARS 

The basic physical model for radio lobes in FRII radio galaxies is based on a pair of 
relativistic, collimated jets emerging from the active black hole (BH). As the jet interacts 
with and is decelerated by the ambient (interstellar or intergalactic) medium, a reverse 
shock propagates inwards into the ejected plasma. After crossing the reverse shock, the 
jet material inflates a cocoon of hot gas, which is less dense but much overpressured with 
respect to the undisturbed medium. Thus, the cocoon expands supersonically, driving a 
forward shock (bow shock) into the ambient medium [[il,M|3|,0|]- 

The cocoon and lobes are the main sources of optically-thin (steep spectrum) syn- 
chrotron radio emission, while we expect optically-thick (flat-spectrum) radio emission 
from the jet near the core. A radio- and sometimes X-ray-luminous hot spot is usually 
found at the reverse shock, at the end of the jet. This is where most of the bulk kinetic 
energy of the jet is transferred to a non-thermal population of ultra-relativistic electrons, 
which cool via synchrotron and synchrotron self-Compton emission. This scenario im- 
plies that the peaks of the radio and X-ray emission are spatially coincident. Optically- 
thin thermal plasma X-ray emission may come instead from the hot, shocked ambient 
gas in the thin layer between the cocoon and the bow shock, when its expansion is highly 
supersonic. In this case, the peak of the thermal X-ray emission will appear just in front 
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FIGURE 1. Left panel: ATCA map at 5.5 GHz, with flux scale in Jy beam~^ The overplotted green 
circles mark the position of the X-ray core and hot spots, from Chandra. Middle panel: ATCA map at 
9 GHz. Right panel: map of the radio spectral index, inferred from the ratio of the 5.5 GHz and 9 GHz 
maps, rescaled to the same beam size. Note the two flat-spectrum spurts at the base of the jet. 



of the radio lobe, as is the case for example in the nearest radio galaxy, Cen A 

There is a scale invariance between the jet emission processes in microquasars (pow- 
ered by stellar-mass BHs) and in AGN/quasars (powered by supermassive BHs). There 
is also at least one important difference: microquasars are mostly located in a relatively 
low-pressure medium as compared to the medium around AGN, when scaling of the 
jet thrust is taken into account [6]. As a consequence, we expect to see fewer, dimmer 
cocoons and radio lobes in microquasars than in the most powerful AGN and quasars; 
but the linear size of those microquasar cocoons and jets can be up to 1000 times larger 
than in radio galaxies, scaled to their respective BH masses. 

So far, our knowledge of the interaction of microquasar jets with the interstellar 
medium has largely relied on the Galactic microquasar SS433 and its surrounding 
synchrotron-emitting nebula W50 (size ^ 100 x 50 pc). A mildly relativistic (v/ = 
0.27c), precessing jet acts as a sprinkler that inflates "ear-like" structures, protruding 
from the more spherical W50 nebula. Most of the jet power (^ 10^^-10^^ erg s~^) is 
dissipated in those lobes [0]. Faint evidence of the interaction of relativistic jets with the 
interstellar medium have been found in a few other, less powerful Galactic microquasars 
(e.g., Cyg X-1: [8]; Cyg X-3: [9]; GRS 1915+105: [10]). On a larger scale, huge (size 
> 100 pc) ionized nebulae have been found around a significant fraction of ultraluminous 
X-ray sources in nearby galaxies [[Ill,ll3,[i3t]. Such nebulae emit optical lines typical of 
shock-ionized gas, and in a few cases, synchrotron radio emission [ll4|,ll5D. The derived 
ages (> a few 10^ yrs) and energy content 10^^-10^^ erg) are too large for ordinary 
supernova remnants, and suggest jet/wind inflation with a mechanical power ^ 10^^- 
10"^^ erg s~\ comparable with the X-ray luminosities [fill] . However, no direct X-ray or 
radio evidence of a coUimated jet had been found, until recently. 



FIGURE 2. Left panel: Chandra/ ACIS X-ray colour map, with ATCA 5.5-GHz radio flux contours 
superimposed. Red = 0.3-1 keV; green = 1-2 keV; blue = 2-8 keV. Contour fluxes are at 5 x 10~^, 10~^, 
1.5 X 10-4, 2 X 10-4, 2.5 X 10-4, 3 x 10-4, 3.5 x 10-4, 4 x 10-4 Jy beam-^. Middle panel: Chandra/ ACIS 
X-ray colour map, with ATCA 9-GHz radio flux contours superimposed. Contour fluxes are at 5 x 10-^, 
7.5 X 10-^, 10-4, 1.5 X 10-4, 2 X 10-4 Jy beam-^. Right panel: continuum- subtracted Ha image from 
the 1.5m CTIO telescope; ATCA 5.5-GHz radio flux contours superimposed. 



THE NEWLY-DISCOVERED SS433-LIKE MICROQUASAR 

An extraordinary radio/optical/X-ray microquasar was recently discovered [fl2l] in the 
Sculptor galaxy NGC 7793 (d^3.9 Mpc). It has: a large 250 x 120 pc) shock-ionized 
nebula, emitting in the radio bands, Ha and Hell A4686; prominent FRII-like radio 
lobes, more luminous than the rest of the cocoon; an X-ray core, presumably the location 
of the active BH; a blue optical counterpart to the X-ray core; a pair of X-ray hot spots, 
aligned with the radio lobes and the X-ray core, typical signature of energy transport 
via a coUimated jet interacting with the interstellar medium. The system resembles the 
famous Galactic microquasar SS433, but on an even grander scale. It was previously 
classified as the unusual supernova remnant S26 in [tl6|] and [O]. 

Radio properties. We observed the source simultaneously in the 3cm and 6cm bands 
with the Australia Telescope Compact Array, on 2009 Aug 6-7, for about 18 hrs. Details 
of the observations and data analysis will be presented in a forthcoming paper (Soria 
et al. 2010, in prep.). We extracted radio maps at the effective frequencies of 5480 
MHz and 8990 MHz (Fig. 1); the beam sizes are 4.16'' x 1.76'', and 2.58" x 1.07" 
respectively (Briggs robustness parameter of 0.5). Two bright lobes clearly stand out 
at the extremities of the large cocoon, at both frequencies. At 5.5 GHz, the peak flux in 
the Southern lobe is ^ 0.45 mJy beam~^ ; in the Northern lobe, ^ 0.26 mJy beam~^ The 
total flux at 5.5 GHz is ?^ 2 mJy, corresponding to almost 4 times the luminosity of Cas 
A. At 9 GHz, the peak flux in the Southern lobe is 0.21 mJy beam~^ ; in the Northern 
lobe, ?^ 0. 1 1 mJy beam~^ The spectral index (Fig. 1 , right) is at the base of the jets, 
on either side of the X-ray core; it steepens to ^ —0.7 in the Southern lobe and ^ — I 
in the Northern lobe. The projected distance between the peak emission in the two lobes 
(that is, between the reverse shocks at the jet extremities) is ^ 13.5" ^ 250 pc. 



TABLE 1. Best-fitting spectral parameters for the (combined) hot spot 
X-ray emission. The XSPEC model is wabsQ^\^wabs^(ray-\-ray). Errors 
are 90% confidence level for 1 interesting parameter (Ax^ = 2.7). 



Parameter 



Value 



1.2 X 10^0 cm-2 (fixed) 



Nh 
kTi 
Ni 
kT2 

N2 




/0.3-8 

^0.3-8 



8.8 X 10-1^ erg cm-2 s'^ 



1.7 X 10^^ ergs-i 



C- statistic 



10.37 using 18 PHA bins and 14 degrees of freedom. 



X-ray properties. From a 49-ks Chandra archival observation taken on 2003 Sep 7, 
we found an aligned triplet of point-like sources [fl2f]. The X-ray core (Fig. 2,3) has a 
hard spectrum (photon index F ^ 1.7), with an emitted luminosity Lo.3-8 ^ 6 x 10^^ 
erg s~\ consistent with a BH in the low/hard state (PakuU et al. 2010, in prep.). The 
two hot spots have a much softer spectrum (Fig. 2,3), and are well fitted (Cash statistics 
= 10.4 over 14 dof) by a 2-component thermal plasma model with kTi ^ 0.25 keV 
and kT2 ^0.95 keV, and negligible intrinsic absorption (Table 1). The emitted X-ray 
luminosities are Lq.s-s ^ 5 x 10^^ erg s~^ and Lq.s-s ^ II x 10^^ erg s~^ for the 
Northern and Southern hot spot, respectively (in agreement with the ratio of radio 
luminosities). Simple or broken power-law models do not give acceptable fits (Cash 
statistics =25.5 over 15 dof); moreover, they would require an unphysically steep 
slope (F ^ 6) combined with high intrinsic column densities (Nh ^ 5 x 10^^ cm~^). 
We conclude that the hot spot spectra are not dominated by synchrotron or synchrotron 
self-Compton emission. Moreover, the projected distance between the X-ray hot spots is 
^ 15^^ ^ 290 pc, slightly larger than the distance between the radio lobes. We interpret 
the X-ray hot spots as optically-thin thermal plasma emission from the shocked ISM gas 
between the radio lobes and the bow shock. From the maximum size of the unresolved 
hot spots, we infer that the density of the X-ray-emitting gas is > 1 cm~^. A shocked-gas 
temperature ^ 1 keV corresponds to a bow shock velocity v^s ^ 900 km s~^ For an ISM 
of uniform density p, the distance from the core to the bow shock li^s ^ p~V5gV5^3/5 
and its velocity v^s ^ {3/5){lhs/t), where Q is the jet power and t the age of the source 
10]. Neglecting projection effects, this suggests a characteristic age ^ 10^ yrs and a jet 
power ~ a few x 10^^ erg s~^ The stronger X-ray and radio emission from the Southern 
hot spot and lobe, and their shorter distance to the core, are consistent with a higher 
density of the ISM on that side of the core. There is also faint X-ray emission projected 
over the whole surface of the cocoon, with even softer colours than in the lobes (although 
the number of detected counts is too low for spectral fitting); this diffuse emission is 
consistent with shock velocities ^ 300 km s~^. 
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FIGURE 3. Red datapoints and best-fitting model: combined X-ray spectrum of the hot spots, fitted 
with a two-temperature thermal plasma model (best-fitting parameters listed in Table 1). Blue datapoints 
and best-fitting model: X-ray spectrum of the core, fitted with a power-law of photon index F = 1.7. 



Optical properties. Optical images from the 1.5m CTIO telescope show an Ha 
emission nebula with similar size to the radio nebula (Fig. 2, right panel). From integral 
field spectra taken at the 2.3m ANU telescope, we find that the Ha line is broad (full 
width at zero intensity ^ 250 km s~^). Moreover, using VLT data, we have recently 
found (PakuU et al. 2010, in prep.) diffuse emission in the Hell A4686 recombination 
line, with a flux ^ 10% of the Hj8 flux. It is the largest known Helll region in the 
local universe. Considering the relative weakness of the central X-ray source, the most 
likely explanation is shock ionization with a large shock velocity 300 km s~^). Using 
radiative shock model computations, we estimate a mechanical luminosity ^ 6 x 10^^ 
erg s~^ The X-ray core has a point-like blue counterpart, with B ^ 23 mag (Mb ~ —5 
mag), consistent with an early-type donor star or a bright accretion disk. The optical 
line emission is also stronger on the Southern side of the nebula, in agreement with 
the radio and X-ray morphology. The shock velocity inferred from the optical spectra 
is much lower than that inferred from the X-ray temperatures. By analogy with well- 
studied supernova remnants, for example N49 in the LMC [18|,li3, we suggest that we 
have a clumpy medium, with the X-ray emission coming from higher- velocity shocks 
in lower-density material, and the optical lines coming from slower shocks in higher- 
density embedded clouds. 
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